Introduction
============

Malignant tumors have become one of the most common causes of death in the world. Among these tumors, lung cancer is the leading cause of cancer incidence and mortality. With the low rate of early diagnosis and high-grade malignancy in lung cancer, the 5-year survival rate of this disease is only about 20%.[@b1-ott-9-6581],[@b2-ott-9-6581] Thus, more effective treatments are required.

Recently, anti-angiogenic therapy has shown a survival advantage in many cancers.[@b3-ott-9-6581] Recombinant human endostatin (rhES, Endostar^®^; Simcere-Medgenn Bio-Pharmaceutical Co., Ltd., Nanjing, People's Republic of China), an anti-angiogenic drug, has anticancer effects in a variety of tumors, and is now used to treat lung cancer in People's Republic of China. However, clinical evidence also shows that anti-angiogenic drugs are not as efficacious as expected and many people achieve only a short increase in survival time.[@b4-ott-9-6581] From our clinical practice and other studies,[@b5-ott-9-6581] it is apparent that not all lung cancer patients can benefit from rhES. Thus, it is necessary to identify the regulatory factors and sensitive indicators of these agents so that the therapy can be optimized.

Previous studies have reported that the inflammatory status plays an important role in resistance to anti-angiogenic therapy.[@b6-ott-9-6581] Patients receiving bevacizumab with higher peripheral mononuclear counts benefit less in terms of survival than patients with lower counts.[@b7-ott-9-6581] Through a retrospective analysis of clinical data, we also found that lung cancer patients with a high peripheral monocyte-to-lymphocyte ratio (MLR) received little benefit from rhES treatment. These data suggest the peripheral monocyte count has a correlation with the clinical outcome of anti-angiogenic drug, but the mechanism of this phenomenon is unknown. According to existing evidence, the peripheral monocyte count correlate with poor prognosis in many cancers, because these cells are important sources of macrophages and myeloid-derived suppressor cells (MDSCs) in the tumor microenvironment.[@b8-ott-9-6581] Macrophages and MDSCs are well known for their pleiotropic roles in mediating cancer progression and metastasis.[@b9-ott-9-6581],[@b10-ott-9-6581] Our previous study found that MDSCs were associated with tumor refractoriness to rhES.[@b11-ott-9-6581] Thus, we hypothesized that macrophages in the tumor microenvironment may also affect the efficacy of rhES.

To validate our hypothesis, we determined the number and polarization changes displayed by macrophages within the tumor during rhES treatment, and analyzed the impact of these cells on rhES therapy.

Materials and methods
=====================

Clinical data analysis
----------------------

We retrospectively reviewed 72 patients who visited the West China Hospital between 2007 and 2015. Data were extracted from patient medical records. Data with regard to baseline characteristics, including age, gender, performance status, stage, and treatment history, were collected. All patients were confirmed to have non-small cell lung cancer (NSCLC) with pathologic diagnosis. Patients had received two cycles of chemotherapy plus rhES (7.5 mg/m^2^/day, 14 days as a cycle; Simcere-Medgenn Bio-Pharmaceutical Co., Ltd.). Tumor responses were analyzed according to the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1.[@b8-ott-9-6581] According to the tumor responses, patients were divided into three groups: partial response (PR), stable disease (SD), and progressive disease (PD). Pretreatment complete blood count (CBC) profiles at the first-cycle therapy and the second-cycle therapy were determined. The MLR was calculated by dividing the absolute monocyte count by the absolute lymphocyte count.[@b7-ott-9-6581],[@b8-ott-9-6581] This study was approved by the Ethical Committee of West China Hospital and written informed consent was obtained from the participants for using their clinical records in this study.

### Cell lines and culture

Lewis lung carcinoma (LLC) cells, macrophage cell lines RAW264.7 and ANA-1, human umbilical vein endothelial cells (HUVECs), and human skin fibroblasts (HSFs) were obtained from the Sichuan university (Chengdu, People's Republic of China), and maintained in Dulbecco's Modified Eagle's Medium (DMEM; Thermo Fisher Scientific, Waltham, MA, USA) containing 10% fetal bovine serum (FBS) in a humid chamber at 37°C with 5% CO~2~.

### Preparation of bone marrow-derived macrophages (BMDMs)

Bone marrow isolation was performed as described previously.[@b12-ott-9-6581] The bone marrow cells were differentiated into BMDMs with macrophage colony-stimulating factor (M-CSF) (Peprotech, Rocky Hill, NJ, USA). After 3 days of incubation, BMDMs were rinsed with DMEM to remove nonadherent cells and then cultured with 25 ng/mL interleukin-4 (IL-4), or 25 ng/mL IL-6, or 25 ng/mL IL-10 for additional 96 hours.

Conditioned media (CM) preparation
----------------------------------

BMDMs were cultured with 25 ng/mL IL-4, or 25 ng/mL IL-6, or 25 ng/mL IL-10 (all Peprotech) for 96 hours. Then macrophages were incubated in serum-free media for 24 hours, after which culture supernatants were collected as CM.[@b13-ott-9-6581] BMDMs were incubated in serum-free medium and cultured in a hypoxia incubator filled with a mixture of 1% O~2~, 5% CO~2~, and 94% N~2~ for 24 hours. Then the culture supernatants were collected as hypoxia-conditioned media (Hypoxia-CM).

Animal tumor models and treatment
---------------------------------

C57BL/6 mice (male, 5--6 weeks old; Beijing HFK Bioscience Co., Ltd, Beijing, People's Republic of China) were maintained in the Laboratory for Animal Experiments of Sichuan University under specified pathogen-free conditions with animal food and water. Mice were injected subcutaneously into the right axillary fossa with LLC cells (1×10^6^/0.1 mL). The tumor volume (mm^3^) was calculated as length × width^2^/2. When the tumors reached volumes of about 100 mm^3^, mice were randomly assigned to treatment and control groups with seven mice in each group. For the treatment (rhES) group, 20 mg/kg rhES (Simcere-Medgenn Bio-Pharmaceutical Co., Ltd.) was injected intravenously (iv, by caudal vein injection) for 14 days, and the control group was given the same amount of normal saline (NS group). On days 7 and 14 after initiation of treatment, mice (three from each group) were sacrificed to harvest tumor tissues for subsequent analyses.[@b14-ott-9-6581] Experimental procedures and protocols were approved by the Animal Ethics Committee of Sichuan University.

### Flow cytometry

LLC tumors were washed with ice-cold phosphate-buffered saline (PBS, pH 7.4), and then dissociated by mincing the tissue with scalpels, followed by addition of DMEM media containing 1 mg/mL collagenase I and incubation for 120 minutes at 37°C. The dissociated tumor tissue was then washed with ice-cold PBS and filtered through a 70 μm cell strainer (BD Biosciences, Franklin Lakes, NJ, USA). The cell suspension was then centrifuged at a speed of 1,500 rpm for 5 minutes at 4°C. The cells were resuspended in PBS for further analysis. Then the cell suspensions were stained with fluorochrome-labeled antibody-targeting murine CD11b-PE-CY7, F4/80-PE, CD197-APC (all eBioscience, San Diego, CA, USA), CD206-APC (Biolegend, San Diego, CA, USA), or an appropriate isotype control antibody and were analyzed by flow cytometry (Beckman Coulter, Brea, CA, USA). Results were analyzed using Kaluza Analysis Software version 1.3 (Beckman Coulter).

BMDMs, RAW 264.7, and ANA-1 cells were cultured with 25 ng/mL IL-4, or 25 ng/mL IL-6, or 25 ng/mL IL-10 (Peprotech) for 96 hours. Then the cells were stained with fluorochrome-labeled antibody-targeting murine F4/80-PE (eBioscience), CD206-APC (Biolegend), CD86-APC-CY7 (Biolegend) and were analyzed by flow cytometry.

LLC cells were cultured with indicated CM for 48 hours, and then cells were stained with an ALDEFLUOR™ kit (StemCell Technologies, Vancouver, CA, USA) according to the manufacturer's protocol.[@b15-ott-9-6581] Then flow cytometry was used to analyze the population of cells with positive aldehyde dehydrogenase (ALDH) enzymatic activity.

Histology, immunohistochemistry, and immunofluorescence
-------------------------------------------------------

LLC tumors were rapidly frozen at −80°C or fixed with formalin and embedded in paraffin. Paraffin (thickness 5 μm) sections were routinely stained with hematoxylin and eosin (H&E) for pathologic histology examination to evaluate the necrosis cells in the tumors. Paraffin sections were stained with DeadEnd™ Fluorometric TUNEL Kit (Promega Corporation, Madison, WI, USA) for pathologic histology examination to evaluate the apoptosis cells in the tumors.

The frozen sections (thickness 5 μm) were used to detect expression of F4/80 and CD31. Sections were incubated at 4°C overnight with one of the following primary antibodies: anti-mouse F4/80 or anti-mouse CD31 (both eBioscience). The sections were then incubated with appropriate secondary antibodies (ZSGB-BIO, Beijing, People's Republic of China) for detection by immunofluorescence or immunohistochemistry. Nuclei were highlighted using 4′,6-diamidino-2-phenylindole (DAPI; Sino Biological Inc, Beijing, People's Republic of China) for 5 minutes. Sections were viewed and digitally photographed using a fluorescence microscope (Olympus UIS2, Tokyo, Japan). CD31^+^ cells were assessed in at least three random fields (three mice per group) at ×200 magnification for statistical analysis.

Detection of tumor hypoxia
--------------------------

Hypoxyprobe™-1 Kit (HPI, Burlington, MA, USA) was used.[@b16-ott-9-6581] In brief, mice were injected with 60 mg/kg of pimonidazole via the caudal vein and sacrificed 20 minutes later. Tumor tissues were harvested and rapidly frozen. The frozen sections (thickness 5 μm) were used for the observation of hypoxic regions. The Hypoxyprobe™-1 Kit, consisting of 100 mg solid pimonidazole HCl and 1 mL fluorescein isothiocyanate (FITC)-labeled mouse IgG1 monoclonal antibody against protein adducts of pimonidazole, was used to detect pimonidazole--protein adducts in tumor sections.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

LLC tumors were ground into powder with liquid nitrogen in grinding bowls, and then homogenized in radio immunoprecipitation assay (RIPA) lysis buffer (Beyotime, Shanghai, People's Republic of China), followed by centrifugation at 12,500 rpm for 15 minutes at 4°C. BCA Protein Assay Kit (Beyotime) was used to test the protein concentration of samples. The prepared samples were stored at −80°C until further analysis. Levels of vascular endothelial growth factor (VEGF), IL-2, IL-4, IL-6, and IL-10 in the samples were assessed by mouse ELISA kits (Neobioscience, Shenzhen, People's Republic of China) according to the manufacturer's protocol, and the colorimetric reaction was measured at 450 nm using a microplate reader (Benchmark Electronics, Angleton, TX, USA).

BMDMs and RAW264.7 cells were exposed or not exposed to IL-4 for 96 hours, and then cells were incubated in serum-free media for another 24 hours under hypoxic (1% O~2~) or normal conditions. The culture supernatants were collected. The level of VEGF in the media was measured by ELISA kit (Neobioscience).

Western blotting
----------------

The samples of LLC tumors were collected as described earlier. Equal amounts of protein were separated by 8%--12% SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes (Merck Millipore, Billerica, MA, USA) by electroblotting. The membranes were probed with specific antibodies (CCL2; Zen-Bioscience, Chengdu, People's Republic of China). Blots were developed with horseradish peroxidase (HRP)-conjugated secondary antibodies and chemiluminescent substrate on Kodak X-ray film.

HUVECs, HSF, BMDMs, RAW264.7, and LLC cells were cultured as indicated. Then cells were harvested and homogenized in RIPA buffer. The protein levels of CCL2, MMP-9 (both Zen-Bioscience), E-cadherin, N-cadherin, vimentin (all Cell Signaling Technology, Danvers, MA, USA) were evaluated with Western blot analysis as described earlier.

Reverse transcription-polymerase chain reaction (RT-PCR)
--------------------------------------------------------

The quantitative real-time RT-PCR analysis was performed by using TAKARA SYBR Premix EXTaqTM (TAKARA BIOTECHNOLOGY, Dalian, People's Republic of China). The reaction mixtures containing SYBR Green were composed following the manufacturer's protocol. The sequences of the primers used were as follows: ARG1: 5′-CACTCCCCTGACAACCAGCT-3′ and 5′-AGGACACAGGTTGCCCATG-3′; YM1: 5′-TCTCTACTCCTCAGAACCGTCAGA-3′ and 5′-GATGTTTGTCCTTAGGAGGGCTTC-3′; ACTIN: 5′-GGTCATCACTATTGGCAACG-3′ and 5′-ACGGATGTCAACGTCACACT-3′.

Migration assay
---------------

Migration assay for myeloid monocytes, RAW264.7, ANA-1, and LLC cells was performed in a transwell Boyden chamber (BD Biosciences). Cell suspension (3×10^5^ cells/mL) was placed in the upper chamber. The lower compartment contained 0.6 mL of recombinant murine CCL2 (Peprotech) or indicated CM. After 24 hours of incubation at 37°C, myeloid monocytes in the lower chamber were counted with Fuchs-Rosenthal counting chamber. RAW264.7, ANA-1, and LLC cells under the upper chamber were fixed with methanol and stained with 0.5% crystal violet (Beyotime) for 20 minutes. The stained cells were subsequently photographed and counted using a microscope (Olympus UIS2; ×200 magnification, at least three random fields/well).[@b14-ott-9-6581]

Wound healing assay
-------------------

LLC cells were seeded in six-well plates and cultured until 70%--80% confluent. An artificial wound was created by making a straight scratch with a pipette tip. Then the cells were treated with CM, and 24 hours later the migration of cells across this artificial wound was assessed.

LLC metastasis model
--------------------

C57BL/6 mice (male, 5--6 weeks old; Beijing HFK Bioscience Co., Ltd) were used for experiments. All animal experiments were carried out in accordance with the Institutional Animal Use and Care Committee. BMDMs were exposed to either IL-4 for 96 hours or hypoxic condition (1% O~2~) for 24 hours, and then the CM (+IL-4-CM and Hypoxia-CM) were obtained as described earlier. FBS was added to the CM to obtain a final concentration of 0.5%. LLC cells were cultured with +IL-4-CM or Hypoxia-CM for 48 hours. Mice were randomly chosen and assigned to three groups (five animals per condition): control group, +IL4-CM group, and Hypoxia-CM group. Then LLC cells (1×10^6^/0.1 mL) were injected into mice iv from tail vein. Mice were sacrificed after 21 days, and the number of lung metastases nodes was determined grossly and microscopically.[@b17-ott-9-6581]

Statistical analysis
--------------------

For quantitative data analysis, the results were plotted as the mean ± standard deviation or median ± interquartile range. Statistical analysis was performed using SPSS version 22.0 (IBM Software, New York, NY, USA). Statistical significance was determined using Student's *t*-test or Kruskal--Wallis test. *P*\<0.05 was considered statistically significant.

Results
=======

A total of 72 patients were included in the study. All patients received two cycles of chemotherapy plus rhES. CBC results before patients received treatment were used as baseline data. After two cycles of treatment, tumor responses were determined by imaging examination and were analyzed with RECIST version 1.1. Among the 72 patients, 21 achieved a PR, 36 exhibited SD, and 15 had PD ([Figure 1A](#f1-ott-9-6581){ref-type="fig"}). In the PR group, the median ± interquartile range of the peripheral MLRs before the first- and second-treatment cycles were 0.23±0.11 and 0.21±0.15, respectively. In the PD group, the MLRs were 0.41±0.19 and 0.44±0.17 before the first and second cycles of therapy, respectively ([Figure 1B and C](#f1-ott-9-6581){ref-type="fig"}). The MLRs were much higher in the PD group than in the PR group (*P*\<0.05). These results suggested that lung cancer patients with higher MLRs obtained less benefit from rhES treatment and that peripheral monocytes may be an unfavorable factor for the effect of this drug.

Peripheral monocytes are the major source of macrophages in tumors.[@b8-ott-9-6581] It has been shown that the circulating monocytes in blood may reflect the formation or presence of macrophages in tumors,[@b18-ott-9-6581] and that there is a positive correlation between the MLR and macrophage count in the tumor microenvironment.[@b19-ott-9-6581] So the clinical data described earlier suggest that macrophages play an important role in regulating the therapeutic effect of rhES. In order to clarify this issue, we assessed changes in macrophage numbers and polarization in the tumor microenvironment during rhES therapy. LLC xenograft mice were given NS or rhES for 14 days. Flow cytometry and immunofluorescence analyses were performed to determine the number of macrophages in LLC tumors. The results showed that the percentage of F4/80^+^ macrophages was increased significantly after 14 days of rhES treatment (7.84%±1.06% in the NS group vs 11.29%±1.12% in the rhES group; *P*\<0.05; [Figure 2A and B](#f2-ott-9-6581){ref-type="fig"}). Similar trends were observed in mice bearing A549 cell tumors ([Figure S1](#SD1-ott-9-6581){ref-type="supplementary-material"}).

The polarization of macrophages was determined by assessing the expression of F4/80 and specific markers of the subgroups (CD197 for the M1-like subgroup and CD206 for the M2-like subgroup). The results showed that the majority of macrophages in the rhES group exhibited M2-like phenotype (*P*\<0.05; [Figure 2C](#f2-ott-9-6581){ref-type="fig"}).

To determine why rhES induced the accumulation of macrophages with M2-like phenotype, further experiments were performed to explore the potential mechanisms. The results have shown that rhES inhibited tumor angiogenesis and aggravated hypoxia and the inflammatory response in the tumor microenvironment. CD31^+^ cell numbers were reduced in the rhES group, indicating less angiogenesis in LLC tumors after rhES treatment ([Figure 3A](#f3-ott-9-6581){ref-type="fig"}). VEGF levels in the tumor tissues were also decreased ([Figure 3B](#f3-ott-9-6581){ref-type="fig"}). During treatment, increased hypoxic areas and number of necrotic/apoptotic cells were observed in the rhES group compared with the control group ([Figure 3C and D](#f3-ott-9-6581){ref-type="fig"}). The levels of some inflammatory cytokines, such as IL-4 (*P*\<0.05), IL-6 (*P*\<0.05), and IL-10, were increased in the rhES group ([Figure 3E](#f3-ott-9-6581){ref-type="fig"}). Levels of CCL2, a chemotactic factor, were higher in the tumor samples from the rhES group ([Figure 3F](#f3-ott-9-6581){ref-type="fig"}).

CCL2 can recruit monocytes and macrophages.[@b20-ott-9-6581] In vitro experiments demonstrated that hypoxia enhanced CCL2 expression in endothelial cells and fibroblasts. CoCl~2~, a chemical hypoxia-inducing agent, is frequently used and widely accepted to mimic hypoxia in vitro.[@b21-ott-9-6581] Levels of CCL2 were increased in HUVECs and HSF cells treated with CoCl~2~ for 24, 48, and 72 hours ([Figure 4A](#f4-ott-9-6581){ref-type="fig"}). The mechanism of this effect may be associated with the activation of ERK1/2 via hypoxia ([Figure S2](#SD2-ott-9-6581){ref-type="supplementary-material"}). The transwell assay demonstrated that CCL2 attracted macrophages. When CCL2 was added to the lower chamber, more number of myeloid monocytes, as well as RAW264.7 and ANA-1 cells, migrated to the lower chamber ([Figure 4B](#f4-ott-9-6581){ref-type="fig"}).

Inflammatory cytokines can affect macrophage polarization.[@b22-ott-9-6581] Because IL-4, IL-6, and IL-10 levels increased in tumor tissues after rhES treatment, BMDMs were cultured with these ILs for 96 hours. Flow cytometry results showed that the percentage of CD86^+^ cells (M1-like) was only slightly elevated. However, the percentage of CD206^+^ cells (M2-like) was significantly increased (24.9%±3.6% in the control group vs 79.7%±6.3% in the IL-4 group, 78.3%±0.27% in the IL-6 group, and 38.1%±5.4% in the IL-10 group; *P*\<0.05, [Figure 4C](#f4-ott-9-6581){ref-type="fig"}). The expression of M2-like marker mRNA was also examined. The mRNA levels of ARG1 and YM1 presented an increasing trend in macrophages induced by these inflammatory cytokines, compared with those in the matched control group ([Figure 4D](#f4-ott-9-6581){ref-type="fig"}). Similarly, when the RAW264.7 and ANA-1 macrophage cell lines were stimulated with IL-4, IL-6, or IL-10, the CD206^+^ subgroups also increased significantly (*P*\<0.05; [Figure 4E](#f4-ott-9-6581){ref-type="fig"}).

Evidence suggests that highly metastatic subgroups and stem-like cancer cells are enriched during anti-angiogenic therapy. This is an important reason that could possibly explain how tumor cells could escape from this therapeutic treatment. However, the mechanism of this effect is not fully understood.[@b23-ott-9-6581],[@b24-ott-9-6581] In the current study, we found that macrophages induced by hypoxia or inflammatory cytokines may contribute to this process. After incubation in 1% O~2~ for 24 hours, macrophages (BMDMs and RAW264.7 cells) expressed more amounts of MMP-9 and VEGF than control cells ([Figure 5A and B](#f5-ott-9-6581){ref-type="fig"}).

After culturing with inflammatory cytokines, macrophages showed the ability to enhance LLC progression. We cultured BMDMs in the presence of IL-4, IL6, or IL-10 for 96 hours. The CM obtained from these cultures increased the percentage of ALDH (a marker of lung cancer stem cells) positive LLC cells, enhanced LLC cell migration, and induced the epithelial--mesenchymal transition ([Figure 5C--F](#f5-ott-9-6581){ref-type="fig"}). The results of in vivo experiments were consistent with our in vitro results. When LLC cells were cultured for 48 hours in CM from macrophages exposed to IL-4 or hypoxia and injected into mice via the tail vein, more metastatic nodes formed in the +IL4-CM and Hypoxia-CM groups than in the control group after 3 weeks (*P*\<0.05; [Figure 5G](#f5-ott-9-6581){ref-type="fig"}).

Discussion
==========

In this study, we found that although rhES inhibited lung cancer angiogenesis, it aggravated hypoxia and the inflammatory response in the tumor microenvironment, including increases in the levels of IL-4, IL-6, IL-10, and CCL2. These changes were favorable for macrophage accumulation and skewed their polarization toward the M2-like phenotype which could enhance tumor progression, leading to tumor escape from anti-angiogenic therapy. Thus, our results indicate that the accumulation of macrophages may adversely affect the efficacy of rhES treatment. In addition, as there is a positive correlation between the macrophage count in tumors and monocyte percentage in peripheral blood, this conclusion may also explain why peripheral monocyte levels are associated with the outcome of rhES in the clinical setting.

Recent evidence has shown that, despite the widespread use of anti-angiogenic drugs for cancer treatment, their effects remain limited because of intrinsic tumor refractoriness and the emergence of treatment-induced resistance.[@b4-ott-9-6581] Other studies suggest that some bone marrow-derived cells, such as CD11b^+^Gr1^+^ myeloid cells, in the tumor microenvironment are associated with tumor escape from anti-angiogenesis therapy and contribute to tumor refractoriness to anti-VEGF agents.[@b25-ott-9-6581],[@b26-ott-9-6581]

Macrophages are a component of bone marrow-derived cells that play important roles in inflammation, immunity, and tumor progression.[@b9-ott-9-6581] Some studies suggest that macrophages accumulate in glioma after bevacizumab therapy, and a high level of macrophages predicts a poor outcome.[@b27-ott-9-6581] In the present study, we found that macrophage accumulation in LLC tumors increased after rhES treatment. We speculated that this was related to increases in CCL2, a major chemoattractant factor for macrophages and monocytes.[@b20-ott-9-6581] Hypoxia has been reported to be associated with the expression of CCL2 in tumors.[@b28-ott-9-6581] Our results showed that rhES aggravated hypoxia in the tumor microenvironment, and that hypoxia promoted the expression of CCL2 in endothelial and fibroblast cells. The mechanism of this effect was associated with the activation of ERK1/2 via hypoxia ([Figure S2](#SD2-ott-9-6581){ref-type="supplementary-material"}).

Macrophages can be divided into different subgroups. Depending on their polarization, there are two well-established phenotypes: classically activated macrophages (M1) and alternatively activated macrophages (M2). It is generally considered that these two types of macrophages are antagonistic. M1-like subgroup macrophages inhibit tumor growth, whereas the M2-like subgroup macrophages tend to promote tumor progression and can lead to tumor escape from anti-angiogenic therapy.[@b4-ott-9-6581],[@b29-ott-9-6581] In addition, some Tie2^+^ macrophages/monocytes, which enhance angiogenesis, are observed in tumors.[@b30-ott-9-6581] In the current study, we found that the number of Tie2^+^ macrophages were not statistically significantly different between the control and rhES groups ([Figure S3](#SD3-ott-9-6581){ref-type="supplementary-material"}), and most macrophages in the tumors treated with rhES were of the M2-like phenotype. In order to clarify the mechanism that increased M2-like macrophage numbers in tumors treated with rhES, we focused on changes in inflammatory cytokines in the tumor microenvironment, because our previous study had demonstrated that rhES induced an inflammatory response in tumors.[@b14-ott-9-6581] The results showed that IL-4, IL-6, and IL-10 levels were increased and that they can skew macrophage polarization.[@b31-ott-9-6581] In vitro, we observed that when induced by IL-4, IL-6, or IL-10, macrophages showed a high expression of CD206 and enhanced the progression of LLC. Among these interleukins, IL-4 and IL-6 presented a stronger effect on regulating macrophage polarization and function than IL-10.

Since shifts in the macrophage phenotype are highly associated with the environment,[@b22-ott-9-6581] we speculate that changes in the tumor microenvironment mediated by rhES are a main cause for the accumulation of macrophages and skewing their polarization toward the M2-like phenotype. However, the effect of anti-angiogenic therapy on the tumor microenvironment remains incompletely understood, and some results have led to inconsistent conclusions. For example, some evidence shows that anti-angiogenic therapy increases tumor hypoxia,[@b23-ott-9-6581] while other results inferred that anti-angiogenic agents could lead to tumor vascular normalization and attenuated tumor hypoxia for a short time.[@b32-ott-9-6581] Huang et al suggested that the effect of anti-angiogenic agents on reprogramming the tumor microenvironment depended on the drug dosage.[@b33-ott-9-6581] In addition, different tumors may show different responses to anti-angiogenic therapy. We showed previously that rhES treatment aggravated the inflammatory response in B16 tumor-bearing mice, but not in CT26 tumor-bearing mice.[@b11-ott-9-6581] Furthermore, treatment modalities may lead to different changes in the tumor microenvironment. For example, amplification of the endostatin gene in macrophages skewed their polarization to the M1 phenotype and resulted in delayed breast cancer growth in vivo.[@b34-ott-9-6581] This result suggested that, compared with rhES, gene therapy may perform functions in addition to inhibiting angiogenesis. Because the issue is complex, further preclinical experiments and clinical trial evidence are required to help us understand the interaction between anti-angiogenic therapy, the tumor microenvironment, and macrophages.

Conclusion
==========

In summary, our data indicate that rhES could aggravate hypoxia and the inflammatory response in the tumor microenvironment. These changes could induce macrophage accumulation, and skewed their polarization toward the M2-like phenotype, which could help LLC to escape from the anti-angiogenic therapy. Therefore, the accumulation of macrophages in the tumor microenvironment may attenuate the effect of rhES treatment on lung cancer. In the future, combination therapy that also targets macrophages or their relevant factors may improve the efficacy of anti-angiogenic therapy.

Supplementary materials
=======================

###### 

Macrophages in tumor tissues of A549 cell tumor-bearing mice treated with recombinant human endostatin (rhES) for 12 days. A549 cell tumor-bearing mice were treated with normal saline (NS) or rhES for 12 days. The number of macrophages were counted by flow cytometry. Data are presented as mean ± SD (n=4--5 animals per group).

**Abbreviations:** SD, standard deviation; D, days.

###### 

CCL2 expression levels in HSF cells under hypoxia with or without an ERK1/2 inhibitor. CoCl~2~ was used to mimic hypoxia in vitro. SCH772984 (Selleck Chemicals, Houston, TX, USA) is an ERK1/2 inhibitor. Human skin fibroblast (HSF) cells were treated with CoCl~2~ with or without SCH772984 (5 μM) for 24 or 48 hours. The levels of CCL2, ERK1/2, and p-ERK1/2 (all from Zen-Bioscience) in HSF cells were evaluated by Western blot.

###### 

Tie2^+^ macrophages in tumor tissues of LLC-bearing mice treated with recombinant human endostatin (rhES) for 14 days. Representative images of Tie2 stained sections from LLC-bearing mice treated with normal saline (NS) or rhES. The pictures show merged fluorescent Tie2 (green; Santa Cruz Biotechnology Inc., Dallas, TX, USA), F4/80 (red; eBioscience), and DAPI (blue; Sino Biological Inc). White arrows indicate Tie2^+^ cells. LLC-bearing mice were treated with NS or rhES for 14 days. The number of Tie2^+^ macrophages were counted in a high-power field (×200, scale bar =10 μm). Data are presented as mean ± SD (n=3 animals per group).

**Abbreviations:** LLC, Lewis lung carcinoma; DAPI, 4′,6-diamidino-2-phenylindole; SD, standard deviation; D, days.
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![Lung cancer patients with higher monocyte-to-lymphocyte ratios (MLRs) obtained less benefit from rhES.\
**Notes:** (**A**) The response of lung cancer patients to rhES therapy. (**B**) Baseline MLRs in patients before the first cycle of rhES therapy. (**C**) Baseline MLRs in patients before the second cycle of rhES therapy. Data are presented as the median ± interquartile range. Kruskal--Wallis test was applied to assess statistical significance. \**P*\<0.05.\
**Abbreviations:** PR, partial response; SD, stable disease; PD, progressive disease; MLRs, monocyte-to-lymphocyte ratios; rhES, recombinant human endostatin.](ott-9-6581Fig1){#f1-ott-9-6581}

![Macrophage accumulation in the tumor microenvironment increased after rhES therapy and the majority of them exhibited M2-like phenotype.\
**Notes:** (**A**) The percentages of macrophages (F4/80^+^CD11b^+^) in Lewis lung carcinoma (LLC) tumors of mice treated with recombinant human endostatin (rhES) or normal saline (NS), 7 and 14 days after the initiation of treatment, were determined by flow cytometry. (**B**) Representative photomicrographs showing immunofluorescence staining of macrophages in tumor tissues sections (×100, scale bar =10 μm). The white arrows point to representative F4/80^+^ cells. (**C**) M1-like (F4/80^+^CD197^+^) and M2-like (F4/80^+^CD206^+^) macrophages were enumerated by flow cytometry. The majority exhibited an M2-like phenotype. Data are presented as mean ± SD. \**P*\<0.05.\
**Abbreviations:** DAPI, 4′,6-diamidino-2-phenylindole; D, days; SD, standard deviation.](ott-9-6581Fig2){#f2-ott-9-6581}

![rhES aggravated hypoxia and the inflammatory response in the tumor microenvironment.\
**Notes:** (**A**) Photographs showing the CD31 immunohistochemistry in Lewis lung carcinoma (LLC) tumors at 7 and 14 days after the initiation of treatment (×200, scale bar =10 μm). (**B**) Levels of vascular endothelial growth factor (VEGF) in LLC tumors were detected by an enzyme-linked immunosorbent assay (ELISA). (**C**) Hypoxic areas in LLC tumors were visualized by immunolabeling for the hypoxia-specific marker pimonidazole. (**D**) After 14 days of rhES treatment, necrotic or apoptotic cells in LLC tumor tissues were visualized by hematoxylin and eosin or terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining, respectively (×200, scale bar =10 μm). (**E**) Levels of IL-2, IL-4, IL-6, and IL-10 in LLC tumors were detected by an ELISA. (**F**) Levels of CCL2 in LLC tumors were analyzed by Western blot. Samples 1, 2, and 3 were taken from tumors in the normal saline (NS) group. Samples 4, 5, and 6 were taken from tumors in the recombinant human endostatin (rhES) group. Data are presented as mean ± SD. \**P*\<0.05.\
**Abbreviations:** IL, interleukin; SD, standard deviation; DAPI, 4′,6-diamidino-2-phenylindole; D, days.](ott-9-6581Fig3){#f3-ott-9-6581}

###### 

Hypoxia promoted CCL2 production and inflammatory cytokines skewed macrophage polarization toward the M2-like phenotype.

**Notes:** (**A**) Cells were treated with CoCl~2~ to mimic hypoxia in vitro. The levels of CCL2 in human umbilical vein endothelial cells (HUVECs) and human skin fibroblast (HSF) cells treated with CoCl~2~ for 0, 24, 48, or 72 hours were evaluated by Western blot. (**B**) The chemotactic activity of CCL2 for myeloid monocytes, as well as RAW264.7 and ANA-1 cells, was demonstrated by counting the cells in the lower chamber or in a microscopic field (×200, scale bar =10 μm) from three independent transwell assays. (**C**) Bone marrow-derived macrophages (BMDMs) were exposed to IL-4, IL-6, or IL-10 for 96 hours and then harvested for analysis of cell surface markers by flow cytometry. (**D**) The mRNA analysis was carried out using qRT-PCR and ARG1, YM1, or ACTIN-specific primers. (**E**) RAW264.7 and ANA-1 cells were exposed to IL-4, IL-6, or IL-10 for 96 hours and then harvested for analysis of cell surface markers by flow cytometry. Data are presented as mean ± SD from three independent experiments. \**P*\<0.05.

**Abbreviations:** IL, interleukin; SD, standard deviation; qRT-PCR, quantitative reverse-transcription polymerase chain reaction; Con, control.

![](ott-9-6581Fig4)

![](ott-9-6581Fig4a)

![Macrophages treated with hypoxia or inflammatory cytokines promoted the progression of LLC.\
**Notes:** (**A**) Levels of MMP-9 in BMDMs and RAW264.7 cells under hypoxia (1% O~2~) or in the presence of IL-4 were detected by Western blot. (**B**) Levels of VEGF in the supernatant of BMDMs and RAW264.7 cells under hypoxia or in the presence of IL-4 were detected by ELISA. (**C**) Conditioned media (CM) were collected from BMDMs subjected to hypoxia or in the presence of interleukins. LLC cells were incubated with the indicated CM for 48 hours and the proportion of aldehyde dehydrogenase positive (ALDH^+^) LLC cells were analyzed by flow cytometry. (**D**) LLC cells were incubated with the indicated CM using a 24-well transwell chamber for 24 hours and the number of migrating cells was determined. (**E**) A wound healing assay was used to examine the effect of activated macrophages on the migration of LLC cells. (**F**) LLC cells were incubated with the indicated CM for 24, 48, or 72 hours and the levels of E-cadherin, N-cadherin, and vimentin were evaluated by Western blot. (**G**) LLC cells were incubated with the indicated CM for 48 hours and then injected into the tail vein of C57BL/6 mice. Mice were assigned to three groups of five each: control, +IL4-CM, and Hypoxia-CM. Photographs of lung metastases were used for the quantitative analysis of lung metastatic nodules. Data are presented as mean ± SD from three independent experiments. \**P*\<0.05.\
**Abbreviations:** BMDMs, bone marrow-derived macrophages; LLC, Lewis lung carcinoma; IL, interleukin; VEGF, vascular endothelial growth factor; ELISA, enzyme-linked immunosorbent assay; SD, standard deviation; HPF, high-power field; Con, control.](ott-9-6581Fig5){#f5-ott-9-6581}
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